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The sense of smell allows chemicals to be perceived as diverse scents. We used single-neuron RNA sequencing to explore the developmental mechanisms that shape this ability as nasal olfactory neurons mature in mice. Most mature neurons expressed only one of the~1000 odorant receptor genes (Olfrs) available, and at a high level. However, many immature neurons expressed low levels of multiple Olfrs. Coexpressed Olfrs localized to overlapping zones of the nasal epithelium, suggesting regional biases, but not to single genomic loci. A single immature neuron could express Olfrs from up to seven different chromosomes. The mature state in which expression of Olfr genes is restricted to one per neuron emerges over a developmental progression that appears to be independent of neuronal activity involving sensory transduction molecules.
O dor detection in mammals is mediated by odorant receptors on olfactory sensory neurons (OSNs) in the nasal olfactory epithelium (1, 2) . In mice,~1000 odorant receptor genes (Olfrs) and 350 pseudogenes reside at dozens of distinct loci on 17 of 21 chromosomes (3) (4) (5) . Each Olfr is expressed by a small subset of OSNs scattered in one epithelial spatial zone (6) (7) (8) . Previous studies suggest that each mature OSN expresses one intact Olfr allele, but some coexpress an Olfr pseudogene (9) (10) (11) . In a prevailing model of "OR [Olfr] gene choice," the developing OSN selects a single Olfr allele for expression, and the encoded receptor provides feedback that prevents expression of other Olfrs (12) (13) (14) (15) (16) (17) . OSNs are generated in a developmental progression from progenitors to precursors to immature OSNs to mature OSNs (18, 19) . We investigated when and how the developing OSN selects one Olfr for expression.
We used single-cell RNA sequencing (RNA-seq) (20) to analyze the transcriptomes of single epithelial neurons during development. We first prepared cDNA libraries from single isolated cells (10) and analyzed the libraries for markers of the four stages of OSN development, using polymerase chain reaction. We then conducted Illumina sequencing (21) of libraries from multiple cells in each stage, as well as duplicate libraries from some cells. We used TopHat (22) and Cufflinks (23) to identify genes expressed in each cell and to estimate their relative mRNA abundances (see fig. S1 for technical quality metrics).
We compared 85 cell transcriptomes using Monocle, an unsupervised algorithm that determines each cell's stage of differentiation in "pseudotime," which represents progress through gene expression changes during development (24) . Monocle showed a linear nonbranching trajectory of development (Fig. 1A) . Based on cell stage markers in individual transcriptomes, the trajectory reflects the developmental progression from progenitors through mature OSNs. The following gene markers were used: for progenitors, Ascl1 (achaete-scute complex homolog 1); for precursors, Neurog1 (neurogenin 1) and/or Neurod1 (neurogenic differentiation 1); for immature OSNs, Gap43 (growth-associated protein 43) and/or Gng8 (guanine nucleotide-binding protein gamma 8); and for mature OSNs, Omp (olfactory marker protein) and four olfactory sensory transduction molecules downstream of odorant receptors-Gnal (guanine nucleotide binding protein, alpha stimulating, olfactory type), Adcy3 (adenylate cyclase 3), Cnga2 (cyclic nucleotide gated channel alpha 2), and Cnga4 (cyclic nucleotide gated channel alpha 4) (18, 19) .
Immature OSNs were further divided into two subsets based on their expression of olfactory sensory transduction molecules. Early immature OSNs lacked one or more olfactory transduction molecules, whereas late immature OSNs expressed all four (Fig. 2) .
A total of 3830 genes were differentially expressed over development. Clusters of genes changed in expression during specific developmental periods, suggesting sequential large and coordinated changes in gene expression during OSN development (Fig.  1B and table S1 ). By gene ontology, most clusters contained genes associated with transcriptional regulation and/or chromatin modification, suggesting potential regulators of development (table  S1) . In kinetic diagrams, markers of early and late SCIENCE sciencemag.org developmental stages show peak expression early and late in the developmental progression, respectively ( Fig. 1C and fig. S2 ).
Olfr expression first appeared at the late precursor to early immature OSN stages (Fig. 2) . Olfr transcripts were found in one of nine precursors, 38 of 40 immature OSNs, and 25 of 25 mature OSNs (Fig. 2 ). None were seen in two non-neuronal epithelial supporting cells or in three cells of undetermined type. Overall, the number of Olfr transcripts per cell increased over OSN development ( Fig. 2A) These studies indicate that the developing OSN can initially express multiple Olfrs (Fig. 2) . Roughly half (48%, 12 of 25) of early immature OSNs with Olfrs expressed >1 Olfr. Coexpression of different Olfrs in single neurons declined as development progressed, with 46% (6 of 13) of late immature and 24% (6 of 25) of mature OSNs expressing >1 Olfr. Moreover, single early immature OSNs expressed up to 12 different Olfrs, whereas mature OSNs with >1 Olfr expressed two or at most three (Fig. 2B) .
Early immature and mature OSNs with >1 Olfr also differed in the relative abundance of different Olfr transcripts (Fig. 2C ). Most (10 of 12) of the early immature OSNs had similarly low levels of different Olfrs. The most abundant Olfr was detected at 55 to 396 FPKM in individual neurons and the next highest at, on average, 60.5% of this level (median, 60.1%). However, in three of six mature OSNs with >1 Olfr, the most abundant was detected at 14,557 to 18,056 FPKM, with the next highest, on average, only 3.3% as abundant (median, 0.5%).
In mature OSNs, Olfr and Omp transcripts averaged 8169 and 10,167 FPKM per cell, respectively. However, 6 of 12 early immature OSNs that expressed >1 Olfr did not express Omp (Fig. 2D) , arguing against the possibility that the Olfr transcripts detected were due to contamination from mature OSNs.
Data from eight duplicate cell samples (technical replicates) were analyzed (figs. S3 and S4). The duplicates confirmed the expression of >1 Olfr in specific OSNs (table S2) . The data were consistent with reported stochastic losses of lowcopy number transcripts in single-cell RNA-seq data. Olfrs present in both replicates tended to be expressed at higher levels, and those present in only one replicate tended to be expressed at lower levels. The above results indicate that early immature OSNs can express low levels of multiple Olfrs, but, during subsequent development, two changes typically occur. Expression favors one Olfr by up to 100 times or more, and the expression of additional Olfrs declines or disappears.
To validate these findings, we used RNA-dual fluorescence in situ hybridization (dual RNA-FISH) with nasal tissue sections. At postnatal day 3 (P3), a peak time of OSN neurogenesis (19, 25) , 0.22 ± 0.05 to 0.22 ± 0.12% of neurons labeled for a single Olfr were colabeled with a mix of probes for other Olfrs expressed in the same nasal zone (Fig. 3A and table S3 ). Neurogenesis decreases as mice mature, and no colabeled cells were seen in adults. Using a highly sensitive RNA-FISH method with branched DNA signal amplification (26), 0.41 ± 0.09 to 0.60 ± 0.13% of cells labeled for one Olfr were co-labeled for another Olfr at P3, and 0.10 ± 0.02 to 0.18 ± 0.05% were co-labeled for another at P21 (Fig. 3B and table S4 ) To (Fig. 2D) 
We next tested whether the developing OSN is restricted to activating Olfrs expressed in a particular nasal zone. Using dual RNA-FISH, we compared the nasal expression patterns of 11 pairs of Olfrs coexpressed in six different OSNs. In every case, the paired Olfrs were expressed either in the same spatial zone or in partially overlapping zones (Fig. 3C and table S6 ). These results suggest that the developing neuron is restricted to the expression of a particular Olfr regional gene set, which can include Olfrs with only partially overlapping expression patterns in the adult.
To to three to seven different chromosomes and four to nine distinguishable Olfr gene loci (Fig. 4 and  table S7 ). Thus, the immature OSN is not restricted to expressing Olfrs from a single chromosomal region.
Odor detection in the mouse nose is mediated by 1000 different odorant receptors, each expressed by a different subset of sensory neurons. We asked when and how a neuron comes to express a single Olfr. We found that the developing neuron can express low levels of multiple Olfrs. As development proceeds, this ability declines. The mature neuron typically expresses high levels of a single Olfr. Coexpressed Olfrs tend to be expressed by other neurons in the same region of the olfactory epithelium, suggesting regional biases in Olfr gene choice, but they can reside at multiple chromosomal locations.
How does the developing OSN transition from expressing low levels of multiple Olfrs to expressing a high level of a single Olfr? One possibility is a "winner-take-all" mechanism. In this model, multiple Olfrs are initially expressed, but one becomes dominant-for example, by the capture of limiting factors required for high-level Olfr expression ( fig. S5) . In an alternative model, selection of a single Olfr for high-level expression occurs independently of those initially expressed. In either model, early low-level expression of other Olfrs could subside, owing to the closing of a developmental time window or to feedback signals generated by the highly expressed Olfr. OSNs expressing multiple Olfrs are probably not pruned by apoptosis, as suggested for OSNs in the nasal septal organ (27) , given genetic evidence that some OSNs expressing one Olfr previously expressed another (13) . This Olfr "switching" may reflect the early expression of more than one Olfr per immature OSN, as observed in this study. Migratory species depend on a suite of interconnected sites. Threats to unprotected links in these chains of sites are driving rapid population declines of migrants around the world, yet the extent to which different parts of the annual cycle are protected remains unknown. We show that just 9% of 1451 migratory birds are adequately covered by protected areas across all stages of their annual cycle, in comparison with 45% of nonmigratory birds. This discrepancy is driven by protected area placement that does not cover the full annual cycle of migratory species, indicating that global efforts toward coordinated conservation planning for migrants are yet to bear fruit. Better-targeted investment and enhanced coordination among countries are needed to conserve migratory species throughout their migratory cycle.
F rom the writings of Aristotle (1) to the musings of Gilbert White in Georgian England (2), migratory birds have fascinated and inspired people for generations. Migrants undertake remarkable journeys, from endurance flights exceeding 10,000 km by bar-tailed godwits (Limosa lapponica) (3) to the annual relay of arctic terns (Sterna paradisaea), which fly the equivalent of the distance to the moon and back three times during their lives (4). Migratory species make major contributions to resource fluxes, biomass transfer, nutrient transport, predator-prey interactions, and food-web structure within and among ecosystems (5) and play an important role in human culture (6) . Yet more than half of migratory birds across all major flyways have declined over the past 30 years (7).
Threats in any one part of a annual cycle can affect the entire population of a migratory species (8) , and so environmental management actions for migrants need to be coordinated across habitat types, seasons, and jurisdictions (8) . Protected area designation is a widely used approach for averting species loss (9) because it can reduce habitat loss, habitat degradation, hunting pressure, and disturbance (10) . Yet the extent to which the distributions of migratory species are covered by protected areas globally is poorly understood. Many previous global and regional species conservation assessments and prioritization analyses either omit parts of the annual cycle or treat all species' distributions as static (9) (10) (11) (12) . Here, we explore how protected area coverage of migratory birds varies across their annual cycle and among countries and compare their current levels of protected area coverage against standard conservation targets. Overlaying maps of protected areas (13) onto distribution maps of the world's birds, we assessed whether the proportion of each species' distribution covered by protected areas met a target threshold (9, 11) . For migratory species, we set targets for each stage of the annual cycle separately for the 1451 migratory birds, with mapped distributions throughout their annual cycle.
We discovered that 91% of migratory bird species have inadequate protected area coverage for at least one part of their annual cycle, despite individual elements of the annual cycle being well protected for some species (Table 1) . This is in stark contrast to 55% of nonmigratory species with inadequate protected area coverage across their global distribution. A typical migrant relies on two or three disjoint geographic locations, and the chance that they are all adequately conserved is probabilistically lower than for a single location (supplementary materials). We found that migratory species are less likely to meet protection targets as the number of seasonal areas increases and that the proportion of migratory species meeting targets is consistent with randomly allocated conservation effort (Fig. 1) , indicating that despite widespread recognition of the need for an internationally coordinated approach to conservation of migratory species, protection is not yet systematically coordinated across the seasonal ranges of species. Twenty-eight migratory bird species have no coverage in at least one part of their annual cycle, and 18 of these have no protected area coverage of their breeding range. Two species lack any protected area coverage across their entire distribution (Table 1) . Disturbingly, less than 3% of threatened migratory bird species have adequate protected area coverage across all parts of their annual cycle (table S1) .
Widespread migrants may benefit more from broader-scale policy responses (such as targeting SCIENCE sciencemag.org
